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Abstract
When organisms compete for mates and 
fertilisations, the process of sexual selection drives 
the evolution of traits that increase reproductive 
success. The traits targeted by selection, and the 
extent to which they change, are constrained by the 
local environment. Sexual selection due to female 
mate choice can be undermined by alternative 
reproductive tactics (ARTs), which refers to 
discontinuous variation in traits or behaviours used 
in reproduction. As human activities are rapidly 
changing our planet, this raises the question how 
ARTs will be affected. Fish show a bewildering 
diversity of ARTs, which make them good model 
organisms to answer these questions. One example 
of human-induced environmental change, which 
is affecting aquatic ecosystems around the 
world, is eutrophication, the over-enrichment of 
water bodies with nutrients. One of its effects is 
decreased underwater visibility due to increases in 
both turbidity and vegetation density.
The aims of this thesis were to investigate the 
effects increased turbidity and vegetation density 
have on an ART, sneak fertilisation, in sticklebacks, 
a fish common to marine and fresh water bodies 
of the Northern hemisphere. I furthermore 
investigated how this affected sexual selection 
on male size, a trait commonly under selection. 
I used a combination of behavioural observations 
in microcosms, where I manipulated underwater 
visibility, with collection of genetic material to 
reconstruct parentage of broods, and thus identify 
sneak fertilisations.
The results show that turbidity might have 
weak negative effects on the frequency of sneaking 
behaviour, although this behaviour was rather 
infrequent in these experiments, which complicates 
firm conclusions. In dense vegetation the number 
of sneak fertilisations decreased slightly, as fewer 
nesting males sneaked, while the number of 
non-nesting males sneaking remained constant. 
The paternity analyses revealed that a significantly 
smaller fraction of eggs was sneak fertilised in 
dense vegetation. Furthermore, amongst the 
nesting males that sneaked, the amount of eggs 
sneak fertilised correlated positively with courtship 
success. A reduction in sneaking by these males 
in dense vegetation equalised the distribution 
of fertilisation success, in turn contributing to a 
decrease in the opportunity for selection.
In dense vegetation significantly more males 
built nests, which has also been observed in previous 
field studies. In a separate experiment we addressed 
if such changes in the proportion of nesters 
and non-nesters, without changes in visibility, 
affected the incidence of sneak fertilisation. My 
results show that this was not the case, likely 
because sneaking is an opportunistic tactic shown 
by both nesters and non-nesters. Non-nesters 
sneaked proportionately more when there were 
many of them, which could be due to changes 
in the cost-benefit ratio of sneaking. As nesters 
can only attack one intruder at a time, the costs 
and risks per sneaker will decrease as the number 
of sneakers increases. The defensive behaviours 
shown by the nesters before spawning shifted to 
a more aggressive form of nest defence when there 
were many non-nesters. This could be because less 
aggressive behaviours lose their effectiveness when 
the number of intruders increases. It could also 
indicate that the risks associated with aggressive 
behaviours decrease when there are fewer fellow 
nesters, as other studies indicate nesters are 
competitive and aggressive individuals.
Under turbid conditions I did not detect 
changes in the opportunity for selection, based 
on fertilisation success, nor was male size under 
significant selection under clear or turbid 
conditions. More thorough analyses under densely 
vegetated conditions across the nesting, courtship, 
and fertilisation stages revealed a decrease in 
the opportunity for selection across all stages. A 
reduction in sneaking by nesters contributed to 
this. During the nesting stage, but not during later 
stages, body size was under significant directional 
selection in sparse, but not dense vegetation. 
This illustrates the importance of considering all 
selection stages to get a complete picture of how 
environmental changes affect sexual selection. 
Leaving out certain stages or subgroups can result 
in incomplete or misleading results.
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Introduction1. 
For many fish species, vision is an important 
sense in foraging, predator avoidance, and mate 
choice. The work in our group focuses on the 
effects of decreased underwater visibility, due to 
eutrophication, on mate choice and reproduction, 
using threespine sticklebacks, Gasterosteus aculeatus, 
as model organism. Here, I will first introduce the 
concept of eutrophication and review the effects 
of decreased visibility on fish mate choice and 
reproduction in two well-known model systems.
Then I will discuss alternative reproductive 
tactics in fish, and what is known about effects 
of decreased underwater visibility. Finally, I 
will introduce sneak fertilisation, an alternative 
reproductive tactic used by sticklebacks.
Eutrophication
The amount of nutrients in a water body is one 
factor determining the intensity of plant growth. 
Eutrophication is the process of a water body 
become over-enriched with nutrients. This can 
occur naturally (Gray et al. 2002), but is often 
referred to in the context of pollution (Smith et al. 
1999). Increased human population growth, and 
a concentration of human settlements in coastal 
areas, have increased nutrient loading in the 
form of excess nitrogen (N) and phosphorus (P) 
to marine and freshwater ecosystems worldwide 
(Smith et al. 1999). These nutrients are vital for 
photosynthesising organisms and normally limit 
their growth. Eutrophication allows for periodical 
explosive blooms of algae and cyanobacteria, 
which has several side-effects.
Best studied of these is the reduction of oxygen 
that occurs when this organic matter is degraded. 
This results in areas of low or no oxygen, hypoxia or 
anoxia, which can cover many thousands of square 
kilometres (Diaz & Rosenberg 1995, Wu 2002, 
Pollock et al. 2007). Extended periods of hypoxia 
and anoxia lead to shifts in food web structure 
when organisms move away from these areas, and, 
when such conditions persist, can ultimately lead 
to so-called dead zones; areas where even the most 
tolerant sediment-dwelling organisms have either 
moved away or died (Diaz & Rosenberg 1995, 
Karlson et al. 2002). 
Some blooms are dubbed harmful algal 
blooms (HABs), as they release toxins or harmful 
metabolites. These can cause seafood poisoning in 
humans, and mass mortality of fish (Lindholm 
et al. 1999, Anderson et al. 2002, Heisler et al. 
2008). Some toxins persist long after blooms have 
disappeared when toxins are sequestered in fish 
(Naar et al. 2007, Fire et al. 2008), or sink to the 
sea bottom (Sekula-Wood et al. 2009). 
More subtle effects of algal blooms are changes 
in underwater visibility. Eutrophication has a 
twofold impact on underwater visibility through 
replacement of slow-growing macro algae by 
faster growing filamentous algae, which increases 
structural complexity of the environment 
(Engström-Öst et al. 2007), and blooms of micro 
algae that increase turbidity (Sandén & Håkansson 
1996, Bokn et al. 2002, Bonsdorff et al. 2002, 
Kraufvelin et al. 2002). The Baltic Sea in northern 
Europe, which is home to our study population of 
threespine sticklebacks, is particularly vulnerable 
to eutrophication due to its narrow link to the 
North Sea and the resulting long retention times 
of water, combined with a densely populated 
catchment area (Bonsdorff et al. 2002).
Effects of turbidity and dense vegetation on fish 
reproduction
A textbook example of how eutrophication can 
affect fish reproduction is provided by the cichlids 
of Lake Victoria. This African lake has undergone 
severe eutrophication, which has caused hypoxic 
deep-water zones and an increase in turbidity 
(Verschuren et al. 2002). Lake Victoria is home to 
an extremely diverse and colourful flock of some 
500 different species of cichlid fish that are not 
geographically isolated and can interbreed, but 
do not do so for two reasons. First, different light 
regimes at different depths have selected for visual 
pigments with different sensitivities. This process, 
known as speciation through sensory drive, is 
probably responsible for the enormous diversity 
of this flock (Maan et al. 2006, Terai et al. 2006, 
Seehausen et al. 2008). Second, these different 
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perceptual biases cause female preferences to 
differ, leading to divergent sexual selection 
on male coloration (Seehausen et al. 1997, 
2008). Increased turbidity, however, not only 
constrains colour vision by interfering with light 
transmission, but also changes female preferences, 
as females originating from turbid water have 
weaker preferences for male coloration (Maan et 
al. 2010). These changes interfere with established 
mating barriers and lead to hybridisation between 
species, causing this species complex to collapse 
(Seehausen et al. 1997).
Cichlids are not the only species sensitive to 
changes in underwater visibility. Over a decade of 
research on sticklebacks, recently summarised by 
Candolin (2009), shows that behaviour is one of 
the first aspects to be affected. Male sticklebacks 
use a visual display consisting of a highly ritualised 
courtship dance, bright red nuptial coloration, and 
blue eyes, to attract females to their nests during 
courtship (Wootton 1976, Bell & Foster 1994). 
Under both increased turbidity and vegetation 
density, males increased intensity of courtship 
behaviour, but only under turbid conditions did 
the increased effort pay off and did females pay 
more attention to the increased courtship displays 
(Candolin et al. 2007, Engström-Öst & Candolin 
2007). Both dense vegetation and turbidity 
decreased aggression between males during the 
parental phase, allowing them to complete more 
breeding cycles. The phytoplankton responsible for 
increased turbidity furthermore improved oxygen 
conditions through photosynthesis, leading to 
a reduction in fanning behaviour, a behaviour 
by which males normally oxygenate their eggs 
(Candolin et al. 2008). The reduction in visibility 
can also lead females to rely less on visual cues 
during mate choice, and Heuschele et al. (2009) 
showed that olfactory cues instead become more 
important. Interestingly, mate preferences based 
exclusively on visual cues differed from those 
based exclusively on olfactory cues.
Denser vegetation increased the density of 
nesting males in the field, and led to a more equal 
distribution of eggs among nests (Candolin 2004). 
Subsequent experiments showed that selection on 
male nuptial coloration and courtship behaviour 
decreased in dense vegetation (Candolin et al. 
2007), and a decrease in female choosiness is 
one explanation for the equalisation of mating 
success.
Turbidity, too, can decrease selective pressures 
on nuptial coloration, as the honesty of the signal 
decreases. When males compete, poor-quality 
males normally diminish their expression of 
nuptial coloration, so that the dominant male 
expresses more intense coloration (Candolin 
1999). Increased turbidity, however, broke down 
this form of social control and allowed males 
in poor condition to express brighter colours, 
reducing its usefulness to females as an honest 
signal of male quality (Wong et al. 2007).
A more in-depth review of the effects of 
different consequences of eutrophication on fish 
reproduction, including the effects of hypoxia and 
HABs, is given in chapter I.
Alternative reproductive tactics
One aspect of fish reproduction that has not 
yet received much attention, when it comes to 
effects of eutrophication, is the occurrence of 
alternative reproductive tactics (ARTs). This 
refers to discontinuous variation in behavioural, 
morphological, or other traits in the context of 
reproductive competition. In other words, it 
refers to alternative routes to reproductive success 
(reviewed in Oliveira et al. 2008). In the context 
of game theory models (Maynard Smith 1982), 
a distinction is often made between alternative 
reproductive strategies and tactics, with the 
former referring to a genetically based decision 
rule, and the latter to the resulting phenotype 
(Gross 1996). In most cases, however, information 
about the underlying genotypes is lacking, and 
genetic polymorphisms seem to be rare (Gross 
1996, Shuster & Wade 2003). Furthermore, 
Oliveira et al. (2008) think that the use of two 
categories “implies a dichotomy between genetic 
and nongenetic control that is not useful, so we do 
not support this distinction and refer instead to all 
cases as tactics” (p. 472), and their convention is 
adhered to throughout this thesis.
Gross (1996) proposed a model of status-
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dependent selection (SDS) in which the tactic 
expressed by an individual depends on his 
competitive ability or status. Individuals with a 
high status gain greater fitness by expressing one 
phenotype, while individuals of low status gain 
greater fitness by expressing the other phenotype. 
The intermediate status, at which fitness gain 
from expressing either phenotype is equal, is 
called the evolutionary stable strategy (ESS) 
switch point. This decision rule, to switch tactics 
depending on an individual’s status in relation 
to the switch point, will therefore make sure an 
individual always maximises its fitness, and is 
the decision rule towards which the population 
will evolve (Gross 1996). This model was later 
criticised for its assumption that the population is 
genetically monomorphic in its response to status, 
which would preclude adaptive evolution, and its 
claim that the average fitness of the alternative 
phenotypes is unequal, which bends the principles 
of population genetics to allow inferior phenotypes 
to persist in a population (Shuster & Wade 2003). 
A critical review by Tomkins & Hazel (2007) 
found shortcomings in both Gross’s model, and 
Shuster & Wade’s critique, and the debate about 
the evolution of ARTs is still ongoing.
Setting aside above debate, there is agreement 
on how ARTs are to be classified (Oliveira et al. 
2008). They can either be plastic, or fixed for 
life, in which case individuals are born into one 
or the other role. Plastic tactics can in turn be 
irreversible switches depending on age, condition, 
or environmental parameters, or be fully reversible 
throughout an individual’s lifetime. Although the 
literature emphasizes male ARTs, female ARTs have 
been found in most taxonomic groups (Oliveira et 
al. 2008).
Sexual selection arises from differences in 
reproductive success caused by competition for 
mates (Andersson 1994). Since ARTs influence 
who is reproductively successful, they can influence 
the strength of sexual selection (Avise et al. 2002), 
which is one reason to account for them when 
studying mating systems. Studies on birds (Møller 
& Birkhead 1994, Sheldon & Ellegren 1999) 
have led to the idea that ARTs strengthen sexual 
selection, since individuals performing ARTs are 
often the ones that have already gained matings 
via conventional means. However, if ARTs allow 
individuals to circumvent costly courtship rituals 
and still reproduce, it can undermine mate choice 
and weaken sexual selection on preferred traits, as 
suggested for sand gobies, Pomatoschistus minutus 
(Jones et al. 2001).
The diversity of ARTs in fish
Fish show a bewildering diversity of ARTs, and 
it is very common for males who attempt to 
monopolise access to females or fertilisations 
to be parasitised by male competitors (reviews 
in Taborsky 1994, 1997, 2008). This can take 
many forms; female mimicry to get close to the 
mating couple, stealthy participation in spawning 
by sneaking behaviour, interception of mates or 
stealing of eggs to attract mates to a nest, forced 
copulations in live-bearing species, cooperation 
with breeding males to gain access to mates, or 
even piracy, where competing males aggressively 
drive off the nest holder to spawn in his nest, but 
leave him to care for their brood (Taborsky 1994, 
2008). Taborsky (2008) lists three main reasons for 
the prevalence and richness of ARTs in fish. First, 
the majority of fish show external fertilisation; 
many species build nests, whereas others release 
their gametes freely in the water column. External 
fertilisation makes it hard to monopolise access to 
mates or eggs. Second, fish show indeterminate 
growth, i.e. they do not stop growing after 
maturation, like many other vertebrates do, which 
causes huge size differences between the members 
of one sex. Third, the mode of brood care probably 
contributes to the rich variation in ARTs. The 
prevalence of paternal care allows for exploitation 
of this investment by male competitors, although 
Taborsky (2008) admits that a proper comparative 
analysis is still lacking. However, the great diversity 
in brood care behaviour, from no care to care by 
one, both, multiple, or foster parents (alloparental 
care), certainly is an important contributor to the 
diversity seen in ARTs.
The ART shown by sticklebacks is that of 
sneak fertilisation: a male sneaks into a territory, 
intrudes on a courting couple, and tries to mate 
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with the female and fertilise her eggs before the 
resident male can do so (Van den Assem 1967). 
Sneaking in sticklebacks is an opportunistic tactic, 
and can be shown by both nesting and non-nesting 
males (Van den Assem 1967, Sargent & Gebler 
1980, Goldschmidt et al. 1992, Jamieson & 
Colgan 1992, Rico et al. 1992, De Fraipont et al. 
1993, Mori 1995, Le Comber 2003).
Effects of decreased underwater visibility on ARTs in 
fish
Given that eutrophication decreases underwater 
visibility, both via increased turbidity and increased 
vegetation density, what is the effect on ARTs in 
fishes? Where sneaking is concerned, decreased 
visibility could both hinder guarders in detecting 
sneakers, which would make sneaking easier 
(Mori 1995), but it could also hinder sneakers 
in detecting or using sneaking opportunities. 
Increased structural cover in particular might 
make nest defence and prevention of sneaking 
easier (Sargent & Gebler 1980).
A recent study on the mouthbrooding cichlid 
Ctenochromis horei, where males monopolise access 
to females, found that prevalence of multiple 
paternity of broods increased in the rainy season, 
when storms and rainfall turned the water turbid. 
Multiple paternity is an indication for ARTs, 
and these fish are known to sneak, although no 
behavioural observations were done (Sefc et al. 
2009).
Empirical evidence on effects of increased 
structural cover point in different directions. In 
experiments with threespine sticklebacks, males 
building their nests in flower pots suffered fewer 
sneak fertilisations and subsequent attempts 
at egg stealing by intruding males (Sargent & 
Gebler 1980). Mori (1995), however, found a 
positive correlation between degree of nest cover 
and probability of nest-raiding in a Japanese 
population of threespine sticklebacks, and argued 
that sneakers were harder to detect when visibility 
decreased. Stoltz & Neff (2006) found no influence 
of peripheral vegetation on intrusion frequency by 
sneaker bluegill sunfish, Lepomis macrochirus.
Aims of the thesis2. 
The main aim of this thesis was to examine the 
effects of decreased underwater visibility due 
to turbidity and dense vegetation on sneaking 
behaviour in the threespine stickleback.
Chapter I is a review of the literature 
concerning effects of eutrophication on different 
stages of fish reproduction. I focus on four main 
consequences of eutrophication, namely hypoxia, 
turbidity, denser vegetation, and HABs, and 
discuss reproduction from the stages of territorial 
behaviour and nest building, up to parental care 
and guarding.
The aim of chapter II was to investigate the 
effect of both turbidity and vegetation density 
on sneaking behaviour, using as simple an 
experimental setup as possible.
In chapters III and IV the effect of respectively 
turbidity and vegetation density on sneaking 
behaviour and sneaking success was studied, using 
microsatellite markers to establish paternity of 
offspring. Additionally, the aim was to study how 
eutrophication changed opportunity for selection 
and measures of sexual selection on male size, and 
whether sneak fertilisation modified these.
The aim of chapter V was to isolate the 
influence of different rival group compositions, 
i.e. numbers of nesting and non-nesting males, 
on sneaking behaviour, and if this is a factor to 
account for when interpreting the results of 
studies III and IV.
Materials and methods3. 
Fish maintenance and algal culture
This study consists of four experiments that I did 
at Tvärminne Zoological Station, University of 
Helsinki, during the summers of 2006 to 2008. 
Adult threespine stickleback were caught, using 
minnow traps, from Vindskär and Långskär bays 
(60°N, 23°E), and transported back to outdoor 
facilities at the field station. Fish were kept in 
150 l aquaria with a continuous flow of fresh 
seawater. Since all experiments required fish 
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in breeding condition, aquaria were inspected 
daily for signs of males developing red nuptial 
coloration, and females showing swollen bellies, 
indicating egg development. Ripe males were 
transferred to individual 10 l aquaria containing a 
plastic dish filled with sand and some filamentous 
algae, Cladophora glomerata, used in nest 
construction. Each male was exposed to a ripe 
female in a glass jar on a daily basis to stimulate 
nest building behaviour. Stickleback nests consist 
of a short tunnel on the substrate, made from a 
mixture of sand and algae that is held together by 
a glycoprotein, spiggin, produced in the male’s 
kidneys (Jakobsson et al. 1999). Nest construction 
was considered complete when the characteristic 
oval shape of a nest opening was clearly visible.
Turbid water was created by culturing a 
fast-growing non-toxic ﬂagellate alga, Isochrysis sp., 
which is part of the phytoplankton community 
of the Baltic Sea. Artificial fertiliser was added 
as a source of nitrogen and phosphorus, two 
micronutrients needed for growth.
Assessment of sneaking behaviour through behavioural 
observations (II, V)
During 2008, two experiments were done where 
sneaking behaviour was observed through a 
combination of direct observation and video 
recordings. To assess effects of turbidity and 
vegetation density in a simple experimental setup 
(II), one male with a completed nest (nester), and 
one male showing nuptial coloration but without 
a nest (non-nester), were put in an aquarium. 
After acclimation, a ripe female was added, and 
behaviour was observed for 30 min to record 
aggressive interactions between the males (see 
below), and, if spawning took place within 30 min, 
to see if the non-nester would try to sneak. Since 
females can take several hours before choosing a 
mate and spawning (personal observation), further 
recordings were done with webcams connected 
to a laptop running motion-detection software 
(see appendix for technical details). Experiments 
were stopped once the female spawned, which 
could be determined by regularly checking the 
accumulated video recordings. Recordings were 
watched afterwards to determine if the non-nester 
intruded and managed to creep through the 
nest when the female spawned, and to quantify 
nest-directed behaviours by the nester. These 
experiments were done under control (clear water, 
sparse vegetation), turbid (turbid water, sparse 
vegetation) or densely vegetated conditions (clear 
water, dense vegetation).
In study V, the influence of rival group 
composition on sneaking behaviour was studied. 
Six males, either two nesters and four non-nesters, 
or four nesters and two non-nesters, were added 
to pools containing clear water. Behavioural 
observations and video recordings were done as 
described above. During experiments, however, 
some males lost their nest. This resulted in three 
new groups with either one nester and five 
non-nesters (1N), two nesters and four non-nesters 
(2N), and a combined group (3N+), containing 
replicates with three nesters and three non-nesters, 
and a few replicates with the original four nesters 
and two non-nesters. From the video recordings I 
scored how often the male with whom the female 
spawned, the focal nester, suffered intrusions 
and sneak entries. Intrusions were defined as an 
intruder entering the nesting dish, but being 
chased off by the focal nester before reaching the 
nest. Sneak entries were defined as an intruder 
entering the nesting dish and creeping through 
the nest tunnel to emerge on the other side. In 
all likelihood, an intruder released sperm at this 
point, although genetic material has not been 
analysed to ascertain this.
Measures of male-male aggression (II, V)
Three types of aggressive male-male behaviours 
were scored during behavioural observations. The 
least aggressive were dashes, defined as the focal 
nester rapidly swimming towards an intruder but 
not touching it. Attacks involved physical contact, 
and were defined as the focal nester shortly pushing 
or biting an intruder. The most aggressive were 
fights, defined as an extended form of attacks, 
lasting more than three seconds, usually involving 
the focal nester chasing the intruder through the 
pool. In study II distance to the nest at which these 
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interactions occurred was also scored. A mirror 
stood on top of the aquarium at an angle such 
that, when seated behind a curtain, an observer 
had a top-down view of the aquarium and the 
wooden board on which it was standing. Each of 
these boards had two series of concentric circles 
drawn on it, each series originating at the position 
where a nesting dish would be placed, with circles 
drawn at 10 cm intervals. When viewed via the 
mirror, these circles allowed a quick estimation of 
the distance of ﬁsh to the nesting dish.
Assessment of sneak fertilisation through paternity 
analyses (III, IV)
During 2004, 2006 and 2007 two experiments 
(III, IV) were done, using males in pools, to assess 
effects of turbidity and vegetation density on 
multiple paternity as a result of sneak fertilisation. 
In study III five males with nests were placed 
in pools that either contained clear or turbid 
water. After acclimation, three ripe females were 
introduced consecutively and allowed to spawn. 
They were removed after several hours and fin 
clippings were collected. The males were allowed to 
care for their brood until it was close to hatching, at 
which point the experiment was stopped and eggs 
and fin clippings from the males were collected for 
genetic analyses.
In study IV eight males were placed in sparsely 
or densely vegetated pools that contained nesting 
material, and allowed to construct nests. After 
three days, four ripe females were introduced 
consecutively and allowed to spawn. They were 
removed after several hours and fin clippings were 
collected. Two days after spawning, the experiment 
was stopped, and eggs and fin clippings from the 
males were collected for genetic analyses.
Genetic analyses were done at the MES-lab in 
Viikki, Helsinki. Altogether 844 adults and over 
5400 eggs were genotyped at six microsatellite 
loci. Since each individual parent has a unique 
number of repeats in each microsatellite site, 
which are passed on to the offspring, use of several 
microsatellite loci enables assignment of parentage 
to each offspring. This allowed identification of 
cases where more than one male took place in 
fertilisation of a brood, which indicates sneak 
fertilisation. Parentage assignment was done using 
the programme cervus 3.0 (Kalinowski et al. 
2007).
It was not always possible to unambiguously 
determine who fathered and who sneaked a 
brood. Therefore, we assumed that the male with 
the highest fraction of paternity was the one that 
had built a nest and courted the female, while 
the other(s) were assumed to be sneaker(s). Sneak 
fertilisations usually take place after the guarder 
has fertilised the eggs (personal observation). 
Furthermore, sneaking sticklebacks do not invest 
more energy in sperm quality or gonads than 
nesters, as opposed to many other fishes (Côté et 
al. 2009), and nesting males increase their ejaculate 
size when the risk of sperm competition increases 
(Zbinden et al. 2004). This assumption therefore 
seems justified.
Measures of sexual selection (III, IV)
Male size is a trait that is commonly under selection 
through both male-male competition and female 
choice (Rowland 1989, Candolin & Voigt 2003, 
Boughman et al. 2005). Several measures of sexual 
selection were calculated to assess if selection on 
male size was affected by changes in visibility, and 
if sneak fertilisation modified selection. We used 
fertilisation success as our fitness measure. This 
was calculated by multiplying each male’s share in 
a fertilised brood, as determined by the paternity 
analyses, by the mass of that brood. Males that did 
not reproduce, either because they no longer had a 
nest, or failed to attract a female, received a value 
of zero.
In study III we measured the intensity of 
selection by calculating the opportunity for 
selection, I, per replicate (Wade 1979, Arnold 
& Wade 1984, Jones 2009). To assess sexual 
selection on male standard length, we calculated 
standardised selection differentials, s’. These 
describe the total of both direct selection on a 
trait, and indirect selection through correlated 
traits (Arnold & Wade 1984).
In study IV we allowed males to build nests, and 
measured selection during several episodes of the 
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reproductive cycle; the nesting stage, the courtship 
stage, and the fertilisation stage. For all three 
stages we assessed the opportunity for selection, 
I, calculated standardised selection differentials, s’, 
and gradients, β, for length and weight of nesting 
males, and compared these between treatments. I 
refer to chapter IV for a more detailed description of 
how these measures were calculated for each stage. 
Selection gradients measure the direct selection 
acting on a trait when removing the indirect effect 
of other measured traits (Lande & Arnold 1983). 
For the nesting stage, we also compared strength 
of selection between treatments, by calculating the 
variance, V, and the standardised variance, CV, in 
body size.
Main results and their 4. 
interpretation
Effects of decreased visibility on sneaking behaviour 
(II, III, IV)
Experiments done in a simple setup (II), with only 
two males, showed that the number of sneaking 
attempts did not differ between control and turbid, 
or control and densely vegetated treatments. The 
number of successful attempts, where an intruder 
managed to creep through the nest, did not differ 
between control and densely vegetated treatments, 
but significantly decreased under turbid 
conditions, where no attempts were successful 
(Figure 1). When using five males per replicate 
(III), this effect of turbidity on sneak fertilisation 
could not be replicated, as sneak fertilisation was 
observed in 4 out of 23 clear (17%), and 4 out of 
22 turbid replicates (18%). Using eight males per 
replicate (IV) led to overall higher levels of sneak 
fertilisation, but no effect of vegetation density on 
frequency of sneaking behaviour was found, as it 
was observed in 11 out of 17 sparsely (65%), and 
10 ouf of 19 densely vegetated replicates (53%). 
However, sneak fertilisations often occurred 
more than once per replicate, and tabulating the 
numbers suggests that nesting males sneaked less 
often in dense vegetation (Table 1).
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Figure 1. The total number of sneaking attempts 
(grey-bordered bars) and the number of successful 
attempts (black-bordered bars) in study II, compared 
between (a) control and turbid, and (b) control and 
densely vegetated conditions. Number of successful cases 
are indicated at the base of columns, and sample sizes 
are given in parentheses following each treatment. For 
turbid replicates, no sneaking attempts were successful, 
and this differed significantly from control replicates. 
Abbreviations used: ** = P < 0.01.
Effects of decreased visibility on fertilisation success 
and share of paternity (III, IV)
In study III, nest guarders on average fertilised 
a high share of their brood, independent of 
turbidity. Neither the amount of eggs that sneakers 
fertilised, nor their share of paternity in the sneak 
fertilised matings differed between treatments. 
Due to the low sample sizes these differences 
are not significant, and it would be unwise to 
draw conclusions from them. Only collection of 
additional replicates where sneak fertilisation takes 
place can tell us if the share of paternity obtained 
by sneakers is influenced by turbidity.
In study IV, the number of non-kin eggs 
decreased in dense vegetation, and this was due 
to a significant decrease in the proportion of 
sneak fertilised eggs, but not the proportion of 
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of their ejaculate to the risk of sperm competition 
(Zbinden et al. 2004). Such males thus seem 
superior fertilisers. However, it cannot be excluded 
that other factors are responsible for the reduced 
amount of sneak fertilised eggs. Increased 
vegetation density provides structural cover, which 
could make nests easier to defend (Sargent & 
Gebler 1980, but see Mori 1995). It would be 
interesting to see if this delays sneak fertilisation, 
and thus puts sneakers at a disadvantage during 
sperm competition.
Effects of decreased visibility on measures of sexual 
selection (III, IV)
In study III, variance in fertilisation success, as 
measured by the opportunity for selection, I, did 
not differ between treatments, although fewer 
stolen eggs (Table 2). Independent of vegetation 
density, we found that sneaking nesters had a 
higher fertilisation success at their own nest than 
nesters that did not sneak. Furthermore, the 
amount of eggs sneaking nesters fertilised through 
sneaking correlated positively with the amount of 
eggs they fertilised through courtship (Figure 2). 
These findings suggest that successful sneakers, 
in terms of fertilisation success, are also attractive 
males. Furthermore, if fewer of such males sneak, 
as suggested by Table 1, it would explain why the 
fraction of sneak fertilised eggs dropped in dense 
vegetation.
Other studies have found that although sperm 
characteristics of territorial and non-territorial 
males do not differ, the former have proportionately 
bigger gonads in relation to their body size (Côté 
et al. 2009). Nesting males can also adjust the size 
Table 1. The number of nesting and non-nesting males 
sneaking in sparse and dense vegetation in study IV.
sparse dense total
nesting males 10 4 14
non-nesting males 7 8 15
total 17 12 29
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Figure 2. For the 29 males 
that sneak fertilised eggs in 
sparse and dense vegetation, 
the amount of eggs sneak 
fertilised in nests of other 
males correlated positively 
with courtship success in a 
male’s own nest (P = 0.031, 
IV). Dependencies within 
pools are not shown. Data 
points of males having a 
courtship success of zero 
have been slightly offset to 
the left to prevent overlap; 
this does not indicate a 
courtship success of less 
than zero.
Table 2. The proportion of non-kin eggs (mean ± SE) 
decreased in dense vegetation due to decreased sneaking 
(IV). Significant P values are given in bold.
sparse dense P
non-kin eggs 29 ± 7% 10 ± 3% 0.011
sneak fertilised eggs 11 ± 3% 4 ± 1% 0.017
stolen eggs 18 ± 7% 7 ± 3% 0.140
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males retained their nests in turbid conditions. 
Guarders and non-guarders did not differ in 
standard length, and there was no selection on 
male size, as measured by the standardised selection 
differential, s’, independent of turbidity.
In study IV, more males were able to nest in 
dense compared to sparse vegetation, which agrees 
with earlier findings in this population (Candolin 
2004, Heuschele & Candolin 2010). This is 
probably due to decreased visibility reducing 
territory size, as well as decreasing encounter 
rates and fights between males (Candolin & 
Voigt 2001, Candolin et al. 2008). This allowed 
a wider size range of males to build nests, as 
revealed by a significant increase in variance, V, 
and standardised variance, CV, in male body size 
in dense vegetation (Figure 3). Consequently, 
opportunity for selection, I, was lower in dense 
vegetation, and body size was under significant 
selection in sparse, but not dense vegetation 
(Table 3). At the courtship stage, however, 
vegetation reduced the variation in courtship 
success among the more numerous nesting males, 
and had no effect on the opportunity for selection, 
I, or the selection coefficients on male size. A likely 
explanation for this is impaired female choice, as 
has been shown in previous studies (Candolin et al. 
2007, Engstöm-Öst & Candolin 2007, Heuschele 
et al. 2009). At the fertilisation stage there was also 
no significant selection on male size, as measured 
by the selection coefficients, independent of 
vegetation density. The lower proportion of sneak 
Table 3. At the nesting stage, male size was under significant selection in sparse, but not dense vegetation, as 
revealed by standardised selection differentials, s’, and gradients, β. Significant P values are given in bold (IV).
sparse dense
coefficient ± SE P coefficient ± SE P
selection differential s’
length 0.195 ± 0.109 0.113 0.080 ± 0.074 0.264
weight 0.308 ± 0.103 0.005 0.100 ± 0.067 0.156
selection gradient β
length -0.263 ± 0.116 0.023 -0.053 ± 0.110 0.630
weight 0.374 ± 0.119 0.002 0.115 ± 0.111 0.314
Figure 3. In dense vegetation a wider size range of males 
built nests, as shown by significantly larger variances, 
V, and standardized variances, CV, in body length and 
weight (all P < 0.05, error bars indicate + 1 SE; IV).
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fertilised eggs, discussed in the previous section, 
equalised the fertilisation success among nesting 
males and reduced the opportunity for selection, 
I.
Effects of decreased visibility (II) and rival group 
composition (V) on male-male interactions
In study II, turbidity and vegetation density 
did not affect rates of attacks or fights between 
males, but dash rates decreased significantly when 
visibility declined. The distance to the nest at 
which each of these aggressive behaviours occurred 
did not differ between control, turbid, or densely 
vegetated treatments. 
In study V, varying the number of nesters and 
non-nesters did not increase aggression overall, 
but there was a shift. When the proportion of 
non-nesters increased, dash rates first peaked 
significantly, but then decreased when nesters were 
alone, at which point nesters significantly increased 
their fight rate (Figure 4). This could be due to a 
decreased effectiveness of dashes when there are 
more non-nesters, resulting in a shift to a more 
aggressive form of nest defence. Several authors 
report increased aggression with increased sneaker 
density (Candolin & Reynolds 2002, Scaggiante 
et al. 2005), and in some cases a breakdown of 
aggression at the highest densities, as nesters 
abandon energetically expensive nest defence 
(Reichard et al. 2004a, b). In addition, the cost 
of fights as a defence mechanism could be lower 
when the proportion of nesters is low, if fights with 
nesters are costlier than fights with non-nesters. 
This could well be the case, since nesters are 
usually competitive males that have acquired and 
maintained a territory under intense male-male 
competition (Candolin & Voigt 2003).
Rival group composition and sneaking behaviour (V)
Variation in rival group composition did not 
lead to differences in the average frequency of 
intrusions. Sneak entries always happened after 
the female had left the nest, and were observed 
in respectively 3 out 13 (23%, 1N), 4 out of 24 
(17%, 2N) and 3 out of 14 (21%, 3N+) replicates, 
which did not differ significantly. The likely reason 
for this lack of difference is that sneak fertilisation 
is an opportunistic tactic shown by nesters as well, 
as mentioned in the introduction. Non-nesters 
did a larger than expected share of the intrusions 
when there were two compared to three or more 
nesters (Figure 5). One explanation could be that 
the risks and costs for non-nesters decrease when 
their proportion increases, as nesters cannot attack 
more than one intruder at a time. At the same 
time, the benefit of sneaking, fertilisation success, 
may increase, if non-nesters can stay closer to 
the nest or overwhelm the defences of a nester. A 
similar explanation was given for the finding that 
zebrafish, Danio rerio, intruded more on a feeding 
station defended by a giant danio fish, Danio 
aequipinnatus, and had a higher foraging success, 
when the number of zebrafish was experimentally 
increased (Chapman & Kramer 1996).
Figure 4. Average rates (number min-1) of (a) dashes, 
(b) attacks, and (c) fights by nesting males aimed 
at intruders in study V. Error bars indicate ± 1 SE. 
Abbreviations used: * = P < 0.05, ** = P < 0.01, 
1N = treatment with one nester and five non-nesters, 
2N = treatment with two nesters and four non-nesters; 
3N+ = treatment with three or more nesters, and three 
or fewer non-nesters.
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Conclusions5. 
Alternative reproductive tactics (ARTs) are a 
common feature of many breeding systems. They 
are, however, frequently overlooked due to their 
often secretive nature, and the expensive and 
time-consuming methods needed to establish 
multiple paternity via genetic analyses. Given 
the influence they can have on sexual selection, 
determining how these tactics respond to changing 
environments is important given the rapid pace at 
which humans are altering the planet.
The results in this thesis show that decreased 
underwater visibility due to eutrophication can 
alter ARTs in a nest-building fish, the threespine 
stickleback. Turbidity seems to have a weak negative 
effect on sneaking behaviour, as fewer cases were 
found in one (II), but not another experiment 
(III). Due to the low number of sneak fertilisations 
in these experiments, firm conclusions cannot be 
drawn yet. Vegetation density, too, seemed not to 
change how often fish sneaked (II, IV), although 
the paternity data (IV) revelealed that the fraction 
of eggs sneak fertilised decreased significantly. A 
possible explanation could be the observation that 
fewer nesting males participated in sneaking (IV), 
and that such males seem to be superior fertilisers 
(Zbinden et al. 2004, Côté et al. 2009, this thesis), 
although other factors, for instance time taken to 
sneak fertilisation, might also be affected. Future 
studies on sneaking behaviour would profit 
from using a large number of fish as the overall 
frequency of sneaking per replicate increased from 
6% when using two males (II), to 18-20% when 
using five or six males (III, V), and 58% when 
using eight males (IV).
Selection on male size was not found under 
clear or turbid conditions (III). More thorough 
analyses, across several stages of the reproductive 
cycle, showed that dense vegetation decreased 
opportunity for selection, and that a decreased 
fraction of sneak fertilised eggs likely contributed to 
this (IV). This reiterates the importance of paternity 
analyses in revealing changes that might otherwise 
go unnoticed (Avise et al. 2002). Male size was 
under significant selection during the nesting, but 
not later stages, and dense vegetation significantly 
decreased selection on male size during the nesting 
stage. This illustrates the complexity of effects of 
environmental change on sexual selection, and the 
importance of considering all selection stages and 
subgroups within which selection occurs.
Finally, changes in numbers of nesters and non-
nesters due to turbidity and dense vegetation were 
found (III, IV), but a separate study (V) suggests 
that such shifts in numbers do not affect the 
frequency of sneaking behaviour, as it is a facultative 
tactic shown by both nesters and non-nesters.
The effects of eutrophication are not likely 
to diminish in the near future. How the effects 
of decreased underwater visibility on sneak 
fertilisation in sticklebacks will affect population 
dynamics and sexual selection under field 
conditions, and over multiple generations, 
therefore warrants further study.
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Figure 5. Expected (faded bars) and observed proportions 
(solid bars) of intrusions done by non-nesters in study 
V. Error bars indicate ± 1 SE. In the 1N treatment 
observed and expected proportions could only equal 
one, due to the absence of other nesters. Abbreviations 
used: *** = P < 0.001, 1N = treatment with one nester 
and five non-nesters, 2N = treatment with two nesters 
and four non-nesters, 3N+ = treatment with three or 
more nesters, and three or fewer non-nesters.
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Introduction
Cameras and video cameras have long assisted 
biologists in doing observations (Cutler & Swann 
2007). They enable long-term observations as they 
do not suffer from observer bias, fatigue, or drift, 
provide a permanent record, can be deployed in 
inaccessible or hostile environments, such as in the 
deep sea (Bailey et al. 2007, Stoner et al. 2008) or 
under ice (Mueller et al. 2006), and can even be 
attached to animals (Moll et al. 2007, Millspaugh 
et al. 2008, Rutz & Bluff 2008). They can also 
be connected to infrared sensors to allow motion 
detection, so-called camera traps (reviewed in 
Swann et al. 2004). These have been indispensable 
tools in studying abundance and distribution of 
elusive or endangered species in remote locations 
(Marnewick et al. 2008, McCain & Childs 2008, 
Watts et al. 2008). Ornithologists have used camera 
traps to record predation or provisioning of young 
birds in nests (Williams & Woods 2002, Reif & 
Tornberg 2006, Bolton et al. 2007). Cameras have 
also proven their usefulness in laboratory settings 
to study locomotion (Noldus et al. 2002, Lind et 
al. 2005), or provide instant recording of animal 
coloration (Frischknecht 1993, but see Stevens et 
al. 2007 for a critical review).
A recent development is the use of webcams, 
small and inexpensive video cameras connected 
to a computer, that have been used to record 
locomotion (Cleland & Teres 2003, Togasaki 
et al. 2005, Tort et al. 2006), feeding behaviour 
(Rowley & Hanson 2007), leaf budding 
(Richardson et al. 2007), or spawning behaviour 
in nest-building fish (Vlieger & Candolin 2009; 
chapter II), monitor bird nests (Hudson & Bird 
2006), or record images from microscopes (Dorr 
et al. 2007). A simple modification, described in 
Gross et al. (2005), allows webcams to visualise 
infrared phenomena. Compared to conventional 
video cameras, webcams offer some unique 
possibilities and distinct advantages. They are 
inexpensive, store their recordings directly on a 
computer’s hard drive, and can do uninterrupted 
observations as cassettes need not be replaced. 
Frame rate can be adjusted and, in combination 
with motion detection software, less data overall, 
but more relevant data, can be gathered, decreasing 
time needed for video analysis. 
The idea to use several webcams to do more 
detailed observations, or to record data for several 
replicates simultaneously, has not been explored 
previously. Several technical limitations, however, 
prevent one from simply connecting multiple 
webcams to a computer via the Universal Serial 
Bus (USB) port and start observations. I address 
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Abstract
I offer a guide on how to use multiple webcams in biological experiments. There are several 
technical limitations when connecting more than one webcam to a computer via the 
Universal Serial Bus (USB) port that are not immediately obvious. I address these and offer 
tips how to overcome them. Compared to using conventional video cameras, webcams have 
several distinct advantages. This low-budget method offers unique options and liberties and 
I suggest researchers consider it whenever their experiments require video recording.
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Tips on using multiple USB webcams
(1) driver issues when using multiple cameras of 
the same model, (2) power requirements, (3) data 
transfer bandwidth, (4) hardware requirements 
and limitations, and (5) software requirements.
Technical considerations
As the majority of webcams have a USB connector 
and come with software, so-called drivers, for 
use with Microsoft Windows, I will limit my 
considerations to these.
1. Driver issues
The problem: An unexpected limitation, unrelated 
to USB infrastructure, is that connecting multiple 
webcams of the same model to one computer will 
usually not work. It seems manufacturers have 
not build support for this into their drivers, as 
consumers will not normally consider doing this. 
Despite cameras being connected to different USB 
ports, they all try to use the same driver. Windows 
does not allow this, but unfortunately also does 
not show a warning message indicating this. Only 
selected higher-end cameras come with drivers 
supporting this.
The solution: Use different models of webcams. 
Note that they can be of one brand, as long as they 
are different models. If more than one computer is 
used this will limit the number of webcam models 
needed.
2. Power requirements
Background: USB allocates electrical current in 
so-called “unit loads” of 100 mA each. The 
maximum allowed current on any one USB port 
is five unit loads (USB-IF 2000). As the number 
of USB ports on a computer is limited, USB hubs 
are often used to expand their number. They come 
in two variants, bus-powered and self-powered. 
Bus-powered hubs draw all their power from 
the host computer’s USB port. One unit load is 
assigned to power the hub, leaving four units to 
be distributed over its ports. A single port can 
offer more than one unit load if a device requests 
so, but the total on all ports in the hub can never 
exceed four unit loads. Self-powered hubs come 
with a separate power supply and can supply each 
of their ports with the maximum of five unit 
loads. Peripheral devices are defined as low power 
when they consume one unit load, e.g. mice and 
keyboards, or high power when they consume up 
to five unit loads, e.g. printers or webcams.
The problem: Connecting several webcams to a 
bus-powered hub will not work as they require 
more power than the total of four unit loads that 
the hub can supply. Windows will then display an 
error message telling that a USB device was not 
recognised, but does not mention insufficient 
power as a possible cause. Many USB devices 
on the market offer no indication of their power 
requirements on their packaging. Furthermore, 
the power adapters of some self-powered hubs are 
not powerful enough to supply five unit loads at 
all ports simultaneously.
The solution: When purchasing USB hubs with the 
idea of connecting multiple high power devices, 
obtain self-powered hubs and compare brands 
to see how much power the included adapter 
supplies.
3. Data transfer limitations
Background: USB uses four types of data transfer; 
control, interrupt, bulk and isochronous (USB-
IF 2000). The first two use little bandwidth and 
are used respectively for command and control 
operations (e.g. initialisation of a device upon 
connection), and for devices that sporadically 
transfer small amounts of data (e.g. mice). Bulk 
transfer is intended for data transfer where 
complete delivery is vital, but bandwidth used or 
time taken is unimportant, e.g. external hard drives 
or printers, and this type can throttle transfer 
rates to meet bandwidth availability. Isochronous 
transfer is used for devices where data delivery is 
time-critical, but some data loss is allowable, e.g. 
a webcam dropping frames. To this end a fixed 
portion of the available bandwidth is assigned, 
irrespective of whether the device uses it all, and 
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throttling is usually not possible.
The problem: Connecting several webcams will 
quickly use up all available bandwidth with 
subsequent devices malfunctioning. Windows will 
then display a ‘USB out of bandwidth’ error. Note 
that adding a USB hub will not increase available 
bandwidth.
The solution: Another USB host controller, the 
hardware on a computer’s motherboard that 
controls the USB ports, is needed, either by 
upgrading the current computer, or by using 
another computer. A desktop computer can 
be upgraded with a USB card that is connected 
to a free Peripheral Component Interconnect 
(PCI) slot on the motherboard. On laptop 
computers one can put a USB card in a free 
Personal Computer Memory Card International 
Association (PCMCIA) slot. Lowering a webcam’s 
resolution or frame rate might help, but only if the 
drivers support different bandwidth settings when 
less bandwidth is required. Determining this is 
often a process of trial and error. Usually a single 
computer supported by a self-powered USB hub 
can handle three or four webcams, depending on 
computer hardware.
4. Hardware requirements and limitations
The host computer should have USB 2.0 ports. 
This revised version of the USB standard was 
released in 2000, offering much higher data 
transfer speeds. Even a single webcam might not 
function properly using one of the older standards. 
As hardware manufacturers quickly adopted this 
new standard, this is unlikely to be problematic 
nowadays.
Obtaining very powerful computers is not 
necessary as both mid-range and high-end 
computers use the same USB 2.0 standard. 
Limitations of the USB standard will likely be the 
first thing restricting you when connecting several 
webcams, not a computer’s processing or memory 
capacities. From the author’s experience, a laptop 
with a 1.73 gigahertz (GHz) Intel Pentium 
processor and 512 megabytes (MB) of Random 
Access Memory (RAM), running Windows XP, 
can support three webcams, with the support of a 
self-powered USB hub. Similarly, it is unnecessary 
to buy expensive webcams. Despite offering 
higher resolutions or better image sensors, USB 
limitations will often force one to limit the 
resolution of recorded images. Note that USB 
extension cables are limited to a maximum length 
of 5 m due to restrictions on signal delay (USB-IF 
2000).
5. Software requirements
Most webcams come with additional programmes 
but few, if any, allow recording from several 
video feeds simultaneously. There are inexpensive 
programmes on the market for setting up a home 
surveillance system using multiple webcams, and 
most offer motion detection. Although it is not 
within the scope of this paper to review available 
programmes or offer a guide on how to use 
them, the author has had good experiences with 
CamPanel (Eagletron Inc., New York, NY, USA), 
and with the open source programme Dorgem 
2.1.0 (Fesevur 2005). The latter is no longer 
being developed, but is still freely available. It has 
some limitations though, as sensitivity of motion 
detection cannot be set, and the highest possible 
frame rate is one frame per second (fps).
Discussion
Using webcams instead of conventional video 
cameras will be challenging if one is not aware of 
the technical limitations involved. However, once 
set up properly, there are several distinct advantages 
to webcams.
First, webcams are inexpensive. For the price 
of one conventional video camera it is possible to 
buy between five to ten webcams. Experiments 
are sometimes performed in environments that 
are not suitable for sensitive electronic equipment, 
e.g. humid conditions, and losing an inexpensive 
webcam is less problematic than losing a 
conventional video camera. Moreover, by using 
a USB extension cable the host computer can be 
positioned in a safer place. 
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Second, use of motion detection software 
allows one to gather less data overall, but more 
relevant data. This can save a considerable amount 
of time during analyses. Often software will allow 
one to set sensitivity levels of motion detection, 
thus excluding recordings of irrelevant background 
movements caused by wind or currents. The frame 
rate at which recordings are made can usually be 
lowered from the standard 30 fps, thus collecting 
even less data, without losing much information. 
Whether motion detection is useful will depend 
on the specific questions addressed. Examples 
where the amount of data needed to answer a 
question is limited include provisioning rates of 
birds at nests, or predation behaviour of lizards 
on insects (Vlieger & Brakefield 2007). Whenever 
continuous observation is not a necessity, but 
is the only option using conventional video 
cameras, use of motion detection software should 
be considered. This technique can fill the gap 
between the snapshot approach of data collection 
with camera traps, and continuous data collection 
with video cameras.
Third, data is directly stored on a computer’s 
hard drive, no videocassettes need to be bought, nor 
need full tapes be replaced. Hours-long continuous 
or motion detection-triggered observation without 
intrusion by an observer is thus possible. Accessing, 
distributing and backing up all data collected also 
becomes considerably easier.
Despite the advantages this technique also has 
some limitations compared to conventional video 
cameras. Foremost is image quality. Although most 
webcams can record at a resolution of 640 × 480 
pixels or higher, bandwidth issues will often limit 
one to lower resolutions. Whether resolution is 
problematic will depend on the data required. As 
webcams are smaller and lighter than conventional 
cameras they can be positioned on very short 
distances from the organisms being recorded, or 
in awkward positions or corners, requiring little 
more than metal wire to keep them in place. This 
will largely negate the loss in quality caused by 
lower resolutions. 
Second, long-term monitoring in remote 
locations might be difficult, although this is 
problematic with conventional video cameras too. 
Whereas camera traps can run on batteries for 
weeks and be hidden from sight very effectively, 
webcams require an attached computer. Hudson 
& Bird (2006) developed a method to check 
contents of bird nests using a single webcam 
connected to a laptop via a telescopic pole carried 
around by the researcher, but this was intended 
for instantaneous observations. Reif & Tornberg 
(2006) have successfully experimented with car 
batteries to power electronic equipment in the 
field, but even without that, a laptop with the lid 
closed can run for several hours.
This method is well-suited for small to 
moderately-sized experiments. If one wants to 
scale up an experiment, and use several tens or 
hundreds of cameras, use of customised hardware 
and software will be necessary (Tregenza, personal 
communication). Although this method will not 
completely replace the use of conventional video 
cameras, it offers unique options and liberties, 
and has several important advantages. I believe 
this method will form a useful tool for biologists 
and should seriously be considered whenever 
researchers want to make video recordings to 
answer research questions.
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